Outbreaks of poliomyelitis caused by circulating vaccine-derived polioviruses (cVDPVs) have been reported in areas where indigenous wild polioviruses (PVs) were eliminated by vaccination. Most of these cVDPVs contained unidentified sequences in the nonstructural protein coding region which were considered to be derived from human enterovirus species C (HEV-C) by recombination. In this study, we report isolation of a 
from healthy individuals and also from the environment (21, 52) .
Recently, outbreaks of poliomyelitis caused by circulating vaccine-derived PV (cVDPV) have been reported in Egypt, Hispaniola, the Philippines, and Madagascar (6, 8, 10, 24, 51) . Sequence analysis of the genomes of cVDPVs showed unidentified sequences in the nonstructural protein coding region. These sequences are considered to be derived from recombination with unidentified nonpolio enterovirus (NPEV) during the circulation of VDPVs for 1 to 10 years (6, 8, 10, 24, 49, 51) . However, a highly evolved derivative of Sabin strains without recombination by an unidentified counterpart has been isolated from an acute flaccid paralysis (AFP) case after a longterm circulation (12) . Therefore, the biological role of the recombination of cVDPVs with unidentified counterpart remains to be elucidated. At present, increased transmissibility of cVDPVs compared with that of the parental Sabin strains has been proposed as a result of the recombination (3, 16) ; however, no virological evidence has been provided so far.
Indigenous wild PVs have been eliminated in regions where cVDPVs have been reported (1991 in the Americas [42] , 1993 in the Philippines [11] , and 1998 in Madagascar [41] ) except Egypt. Therefore, the field NPEVs genetically closely related to PV or highly mutated Sabin derivatives are considered the possible counterparts of the recombination. Among NPEVs, coxsackie A viruses (CAVs) belonging to human enterovirus species C (HEV-C) are the suspected origin of the recombination because of the higher similarity of the genomic se-quence with that of PV compared with those of other NPEVs belonging to HEV-A, HEV-B, or HEV-D (4, 22) . A recent report indicated that HEV-C was frequently isolated in Madagascar (around 50% of NEPV isolates), suggesting the possible involvement of HEV-C in the emergence of the recombinant cVDPVs (41) .
Here, we report an isolation and genetic characterization of a Sabin 3-derived PV recombinant (Cambodia-02) from an AFP case in Cambodia in 2002. Based on the previously estimated evolution rates of PVs, it was estimated that Cambodia-02 was isolated within 6 months after the administration of OPV, suggesting that the recombination occurred within 6 months before the isolation. This prompted us to identify the recombination counterpart of Cambodia-02 among the HEV-C isolates in Cambodia. We performed phylogenic analysis and identification of NPEV isolates from AFP cases in Cambodia from 1999 to 2003.
MATERIALS AND METHODS

Cells and viruses. RD cells (derived from human rhabdomyosarcoma),
HEp-2c cells (derived from human larynx epidermoid carcinoma) and L20B cells (derived from mouse L tk Ϫ aprt Ϫ fibroblast) were cultured as monolayers in Eagle's minimum essential medium supplemented with 2% fetal calf serum (33, 50) . RD, HEp-2c, and L20B cells were used for the virus isolation from fecal samples of AFP cases. Virus stocks were stored at Ϫ70°C.
Sequence analysis of the genomes of enterovirus isolates. Viral genomic RNA was isolated from the culture fluid of infected cells by using a High Pure viral RNA purification kit (Roche). DNA fragments used for the DNA sequencing were prepared by reverse transcription-PCR (RT-PCR) using the viral genomic RNA as the template by use of a Titan one-tube RT-PCR system (Roche). PCR products were purified by using a QIAquick PCR purification kit (QIAGEN). DNA sequencing was performed using a BigDye Terminator v3.0 cycle sequencing ready reaction kit (Applied Biosystems), and then sequences were analyzed by use of an ABI PRIZM 3100 genetic analyzer (Applied Biosystems). The sequences of the 5Ј end of the viral genomes were determined by the 5Ј rapid amplification of cDNA ends method by using a 5Ј rapid amplification of cDNA ends system, version 2.0 (Invitrogen), according to the manufacturer's instructions. The sequence of the 3Ј end of the viral genomes was determined from an RT-PCR product obtained with UG16 primer (20) and EcoRI-3ENDϪ (Table  1 ). The percentage of the mutated synonymous sites among all synonymous sites (K s ) was calculated for the VP1 coding region as previously reported (2, 12, 17) . Phylogenic trees were constructed by the neighbor-joining method after bootstrapping 1,000 times (14, 45) using PHYLIP software (Joseph Felsenstein 1990, University of Washington). The nucleotide substitutions among the isolates were estimated by the Kimura-2 parameter method (26) . The rate of transitiontransversion was set at 2.0. Similarity plot analysis of HEV-C isolates was performed by using SimPlot (29) .
Primers used for the sequence analysis are listed on Table 1 . Primers UG16 and UC12 were used for the analysis of a part of the 3D pol coding region (20) . Primers EVP4 and OL68-1 were used for the analysis of the VP4 coding region (39, 43) . Primers 2A2ϩ and 2CϪ were designed and used for the analysis of a part of the 2BC coding region. Primers 292 and 222 were used for the initial analysis of the VP1 coding region (37) . Genomic sequences used for the phylogenic analysis were as follows: 207 nt of the VP4 coding region (corresponding to nt 743 to 949 of the Sabin 3 genome), 337 nt of the 2BC coding region (corresponding to nt 3854 to 4190 of the Sabin 3 genome), and 352 nt of the 3D pol coding region (corresponding to nt 6137 to 6488 of the Sabin 3 genome).
Identification of NPEV isolates.
A panel of horse antisera against commonly found NPEVs (RIVM, Bilthoven, The Netherlands), which include echo and coxsackie B viruses, was used for the identification of HEV-B. Antisera against CAVs were purchased from the American Type Culture Collection. A total of 100 50% cell culture infectious doses of enterovirus isolates were incubated with 20 units of antiserum for 2 h in 37°C, and then HEp-2c cell or RD cell suspensions in 10% fetal calf serum-minimum essential medium were added and incubated at 35.5°C (50) . Inoculated cells were observed for cytopathic effect until 24 h after the complete appearance of cytopathic effect in the cells inoculated with the isolates in the absence of antiserum.
Accession numbers of the nucleotide sequences. All the nucleotide sequences determined in this study were submitted to the DNA Data Bank of Japan (DDBJ). The GenBank/EMBL/DDBJ accession numbers of each sequence were as follows. The accession numbers of the VP4 coding region, the 2BC coding region, and the 3D pol coding region of the NPEV isolates are AB206334 to AB206380, AB206709 to AB206757, and AB205529 to AB205546, respectively (see Fig. 2 , 3, and 5 and the supplemental material). The accession numbers of the VP1 coding region of CAM1952, CAM2033, CAM2038, and CAM2083 are AB207264, AB207263, AB207265, and AB207266, respectively ( Table 1 ). The accession numbers of the genomic sequences of Cambodia-02, CAM1900, CAM1972, CAM2069, and CAM2101 are AB205395, AB205397, AB205396, AB205398, and AB205399, respectively.
RESULTS
Isolation of a type 3 PV recombinant from an AFP case. In 2002, type 3 PVs were isolated from three AFP cases in Cambodia. These PV isolates were initially characterized by sequencing of the VP1 coding region, and all the isolates were classified as OPV-like PVs according to the criteria of the World Health Organization (less than 1% nucleotide difference from the parental Sabin 3) (50). However, we found that one of these PV isolates (Cambodia-02) contained an unidentified sequence in the 3D pol coding region which was apparently not related to those of the Sabin strains (Fig. 1) . Further sequence analysis of the genome of Cambodia-02 showed that the 5Ј part of the genome (from nt 1 to 3777), including the 5Ј nontranslated region (5ЈNTR), the structural protein coding region, and a part of the 2A pro coding region, was derived from Sabin 3 followed by an unidentified sequence from the 2A pro coding region to the 3Ј end of the genome (from nt 3778 to the 3Ј end) (Fig. 1B and C) . The nonstructural protein coding region of Cambodia-02 showed only low similarity with those of Sabin strains (Fig. 1B) . The nucleotide identity of the 5Ј part of the Cambodia-02 genome to Sabin 3 was 99.5%. The K s value of Cambodia-02 calculated for the VP1 coding region was 1.35 ϫ 10 Ϫ2 (with a standard error of 0.77 ϫ 10 Ϫ2 ). Using evolution rates of PV observed for immunodeficiency cases (2.85 ϫ 10 Ϫ2 to 3.28 ϫ 10 Ϫ2 synonymous substitutions per synonymous site per year) or for transmission of wild PV recombinants (3.45 ϫ 10 Ϫ2 synonymous substitutions per synonymous site per year) (2, 17, 28), we estimated that Cambodia-02 was isolated within 6 months after the administration of OPV. Cambodia-02 had reversions at the major attenuation determinants of Sabin 3 at nt 472 (U to C) and nt 2034, which resulted in an amino acid change of VP3 Phe91 to Ser (13, 31) (Fig. 1D) . The Cambodia-02 genome contained multiple mutations in the structural protein coding region in addition to VP3 Phe91, as previously reported for temperature-resistant revertants of Sabin 3 (15, 31, 34) .
Isolation and identification of HEV-C from AFP cases in Cambodia.
We analyzed the genome of NPEV isolates from AFP cases around 2002 in Cambodia to identify the putative recombination counterpart of Cambodia-02. In 2002, we isolated NPEVs from 53 AFP cases (one was from a mixed case with PV) among a total of 155 AFP cases (Table 2 ). For the initial molecular typing of the isolates, we analyzed the VP4 coding region (nt 743 to 949 of the Sabin 3 genome; 207 nt) to classify the isolates into each genomic species (HEV-A, HEV-B, and HEV-C) (23) . We found that 21 isolates were grouped into HEV-C by the phylogenic tree analysis of the sequence of the VP4 coding region (data not shown). We identified the serotype of HEV-C isolates by a neutralization assay using type-specific antisera or by sequence analysis of the VP1 coding region. We could not discriminate CAV13 from CAV18 or CAV11 from CAV15 by the sequence analysis or by the neutralization assay, consistent with previous reports (4, 36). The deduced amino acid sequence of the VP1 protein of CAM2033 and CAM2038 showed a high nucleotide identity with those of CAV17 (94.1%) and CAV11-CAV15 (96.7%), respectively. We could not identify the serotype of CAM2083 from the deduced amino acid sequence of the VP1 protein, which showed low similarity with known enteroviruses. We observed the highest amino acid identity only with CAV24 (DN-19 strain) (74.1%) or with a CAV24 variant (73.1%). Consequently, HEV-C isolates in Cambodia in 2002 consisted of CAV1, CAV11-CAV15, CAV17, CAV13-CAV18, CAV20, CAV24, and an untypable HEV-C strain CAM2083 (Table 3) .
Sequence analysis of HEV-C isolates in the 3D pol coding region. We then analyzed the genomic sequence in the 3D pol coding region of the HEV-C isolates. The phylogenic analysis of a part of the 3D pol coding region (corresponding to a region of nt 6137 to 6488 of the Sabin 3 genome; 352 nt) showed that the isolates formed distinct genetic clusters from those of the prototype HEV-C strains, as observed for the sequence analysis of the VP4 coding region (Fig. 2) . The phylogenic analysis of the 3D pol coding region failed to show a clear relationship between the serotypes of isolates and their genetic clusters. For CAM1974, CAM2083, and CAM2091, we could not obtain the corresponding DNA fragment by RT-PCR. In the phylogenic analysis, a genetic cluster of indigenous CAV13-CAV18 strains was the closest to Cambodia-02. We found that a CAV13-CAV18 isolate (CAM1900) showed the highest nucleotide identity (94.0%) to Cambodia-02 among the HEV-C isolates. We further analyzed the nonstructural protein coding region of CAM1900 and found that CAM1900 showed a high identity to Cambodia-02 only in the 3D pol coding region (94.9%) but not in other regions (Fig. 3A and C) .
In the phylogenic analysis of the 3D pol coding region, we found that a CAV17 isolate, CAM2069, was located apart from other CAV17 isolates in a genetic cluster of indigenous CAV13-CAV18 strains. The sequence analysis of CAM2069 showed that CAM2069 exhibited a high (95.5 to 97.7%) nucleotide identity to CAM2101 (a CAV17 isolate) for the 2C and the 3AB coding regions. However, the 3CD pro coding region of CAM2069 showed high (93.3 to 95.5%) nucleotide identity to that of CAV13-CAV18, as observed in the phylogenic analysis of the 3D pol coding region (Fig. 2 ) and in the similarity plot analysis (Fig. 3C ). This observation suggested that recombination between CAV13-CAV18 and CAV17 could occur at least in the 3CD pro coding region. Sequence analysis of HEV-C isolates in the 2BC coding region. Next, we analyzed the sequence of another nonstructural protein coding region of HEV-C isolates, because the analysis in the 3D pol coding region failed to identify the recombination counterpart. For this purpose, we designed a new primer set for RT-PCR and DNA sequencing, 2A2ϩ and 2CϪ, in the 2A pro coding region and in a cis-acting replication element in the 2C coding region (19, 40) , respectively. By using this primer set, we analyzed a sequence of the 2BC coding region (corresponding to nt 3854 to 4190 of the Sabin 3 genome; 337 nt) for all the NPEV isolates (Fig. 4) . We then analyzed the sequence of three isolates (CAM1920, CAM1936, and CAM2034) for which we could not analyze the sequence of the VP4 coding region. However, one isolate (CAM1952, a CAV24 strain) failed to give an RT-PCR product. In the phylogenic analysis of the 2BC coding region, we observed a close relationship between the serotypes of isolates and the genetic clusters. In this phylogenic analysis, Cambodia-02 was again located close to the genetic clusters of indigenous HEV-C but not to those of the HEV-C prototypes. CAM2101 (a CAV17 isolate) showed the highest nucleotide identity to Cambodia-02 in the 2BC coding region; however, the identity was not significantly high (86.9%). of HEV-C was consistently high in Cambodia (Table 2 and 3) .
HEV-C isolates from AFP cases in
The dominant serotypes of HEV-C were different from year to year; in 2002, they were CAV17 and CAV13-CAV18. In the phylogenic analysis of the 2BC coding region, Cambodia-02 was grouped into a cluster of the indigenous CAV15-CAV17-CAV20 isolates. However, the nucleotide identity was not significantly high, and the highest (90.1%) was found with a CAV17 isolate in 2000 (data not shown). Therefore, we could not identify the exact recombination counterpart among the HEV-C isolates examined. However, these results suggested that the recombination counterpart of Cambodia-02 was genetically closely related to the indigenous HEV-C strains in Cambodia.
DISCUSSION
A Sabin 3-derived PV recombinant (Cambodia-02) analyzed in this study was isolated from an AFP case in Cambodia in 2002. Cambodia-02 was classified as OPV-like PV by sequence analysis in the VP1 coding region. In 2002, we isolated three type 3 PVs, including Cambodia-02, from AFP cases in Cambodia, but these PV isolates were genetically unrelated to each other (data not shown). Therefore, this evidence suggested that Cambodia-02 was isolated from a sporadic AFP case and did not result from a circulating strain.
Cambodia-02 was isolated within 6 months after the administration of OPV, as determined on the basis of the previous estimation of the evolution rate of PVs (2, 17) . Thus, the unidentified sequence of Cambodia-02 should have retained the original genetic feature of the recombination counterpart. The last indigenous PV case in Cambodia was reported in 1997 (7); therefore, we examined HEV-C strains for the recombination counterpart. We examined HEV-C isolates from AFP cases in Cambodia; however, these isolates represented only a minor population of circulating HEV-C strains that would mostly result in asymptomatic infection. Therefore, through this strategy, we could expect to find some HEV-C strains that were only related to the recombination counterpart. We found that HEV-C was a dominant enterovirus species that could be isolated from the AFP cases in Cambodia ( Table 2 ). The HEV-C isolates consisted of CAV1, CAV11-CAV15, CAV13-CAV18, CAV17, CAV20, CAV21, CAV24, and an untypable serotype represented by CAM2083 (Table 3) . HEV-C strains have not been isolated as major NPEVs through the established enterovirus surveillance systems (5, 9) (http://idsc.nih-.go.jp/iasr/prompt/circle-g/meningi/menin.html [in Japanese]). However, recently, a high frequency of HEV-C isolation (ϳ50% of the isolates) was reported in Madagascar, where type 2 cVDPVs emerged in 2002 (10, 41) . Therefore, HEV-C might be a dominant HEV species among the circulating enteroviruses in tropical areas. However, the prevalence of HEV-C in other tropical areas remained to be further investigated.
We performed a comprehensive sequence analysis of HEV-C isolates in three different genomic regions, including the 2BC coding region and the 3D pol coding region (20, 39, 43) (Fig. 2 and 4) . We designed a new primer set, 2A2ϩ and 2CϪ, for the analysis of the 2BC coding region ( Table 1 ). The 2A2ϩ primer was designed in the 2A pro coding region, and the 2CϪ primer was designed in a cis-acting replication element of the enterovirus (19, 40) . This primer set showed a broad spectrum of applicability for HEV-A, HEV-B, and HEV-C isolates, and sequence analysis using this primer set failed for only one isolate (CAM1952 [CAV24]) among 216 NPEV isolates. Recombination junctions of cVDPV have been identified in the 2AB coding region (6, 8, 10, 24) . Therefore, with a wide spectrum of applicability for NPEV, this primer set would serve as a useful tool to identify HEV-C strains related to the recombination counterpart of cVDPV.
From the sequence analysis, we found that the nonstructural protein coding regions of Cambodia-02 were grouped into the genetic clusters of the indigenous CAV17 and CAV13-CAV18 strains in Cambodia, distinct from those of the HEV-C prototype strains (Fig. 2 and 4) . dia-02 in the 3D pol coding region (Fig. 4) . The nucleotide identities in the 3D pol coding region among isolates with the same HEV-C serotype isolated in 2002 were 95 to 96% (Fig.  3) , and Cambodia-02 showed a nucleotide identity comparable to indigenous HEV-C isolates in 2002. This suggested that these HEV-C isolates had evolved independently before the putative epidemic in 2002. Interestingly, we found a putative CAV recombinant (CAM2069) in the 3CD pro coding region, suggesting frequent interserotypic recombination between CAV17 and CAV13-CAV18 in this region (Fig. 4) . Actually, the 3CD pro coding region showed high similarities among CAV13-CAV18, CAV11-CAV15, CAV17, and CAV20 (4, 22) . This was reminiscent of frequent recombination among HEV-B strains and also among human rhinoviruses where the 3D pol coding regions of the same serotype were not monophyletic (27, 30, 38, 47) . However, we could not find the exact recombination counterpart among the indigenous HEV-C isolates from AFP cases, although their nonstructural protein coding region was closely related to that of Cambodia-02.
In summary, we isolated a type 3 PV recombinant from an AFP case in Cambodia and suggested that the unidentified sequence of the recombinant was derived from an indigenous HEV-C strain in Cambodia. In addition to the poor population immunity, the high prevalence of HEV-C would be another critical factor for the emergence and/or the evolution of cVDPV. The biological roles of the recombination of cVDPV remain to be further studied.
